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Abstraci—A  probabilistic methodology for strategic aircrafi
conflict detection and resolution, up to 60 minutes in advance,
under wind and temperature uncertainties is presented in this pa-
per. The problem of hundreds of aircraft flying three-dimensional
trajectories is considered. The conflict detection methodology
is hased on ensemble trajectory prediction, where the weather
uncertainty data are retrieved from Ensemble Prediction Sys-
tems. The resolution trajectories are gencrated by modilying
the trajectory waypoints (vectoring) with the aim of lowering
the probabilities of the conflicts below a given safety threshold
while maintaining low deviations from the nominal trajectories,
using a metaheuristic approach. The methodology is applied to
a realistic case study composed of actual flight plans in the
European airspace.

Keywords—Probabilistic conflict detection; probabilistic con-
flict resolution: weather uncertainty; Ensemble Prediction Sys-
tems.

I INTRODUCTION

The future of aviation presents many technical and oper-
ational challenges that demand an imminent modernization
of the Air Traffic Management (ATM) sysiem. Collabora-
tive projects around the world, like the Single European
Sky ATM Research (SESAR) and the Next Generation Air
Transportation System (NextGen), work towards increasing
the ATM system’s capacity and efficiency, while maintaining,
or even improving, its safety and sustainability. A promising
approach towards meeting these goals is the development of
automated decision support tools able to integrate and manage
the uncertainty present in the ATM.

As discussed by Rivas and Vazquez [1], the ATM sysiem
is affecied by several uncertainty sources, ranging from data
uncertainty and unavailability to decisions taken by individu-
als. Among these sources, the effects of weather uncertainty
on the ATM sysiem are of utmost importance: the limited
knowledge about present and future meteorological conditions
is responsible for many delays and flight cancellations, nega-
tively affecting ATM efficiency and translating into extra costs
for aircrafl operators,

In this paper, the problem of strategic aircraft conflict
detection and resolution (CD&R) subject 10 weather uncer-
tainty is analyzed. The large look-ahead horizon, up 1o one
hour in advance, wanslates in high levels of uncenainty in
the trajectory prediction. The propesed methodologies take
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into account and integrate wind and temperature uncertainty
information available from probabilistic weather forecast into
the conflict detection (CD) problem, allowing the computation
of the pair-wise probabilities of conflict between the aircraft.
In this work, weather uncertainty data is retrieved from
Ensemble Prediction Systems (EPS). This forecasting tech-
nique consists in running a deterministic Numerical Weather
Prediction (NWP) model multiple times from slightly differ-
ent initial conditions and/or with slightly perturbed weather
models; some ensembles use more than one NWP model.
Typically, an EPS is a collection of 10 w 30 forecasts,
referred o as members: the uncertainty information is on
the spread of the members. EPS are designed to sample the
probability distribution function of the forecast and, frequently,
the probability is estimated as a simple proportion of the
ensemble members that predict an event to occur at a particular
location or grid point |2]. The uncertainty information is on
the spread of the members in the ensemble, and the hope is
that this spread brackets the true weather outcome. The use of
EPS in trajectory prediction and CD&R has been the subject
of recent siudies. Franco et al. [3] presemt a probabilistic
trajectory predictor based on the Probabilistic Transformation
Method (PTM) and apply it 1o the analysis of cruise flight time
and fuel consumption considering wind uncertainties, Previous
works by the authors [4], [5] also apply the PTM method to
the CD&R problem for time horizons up 10 20 minutes, a
limited number of aircraft, and constant uncertain winds.
The methodology presented in this paper considers a time
horizon of 60 minuies. It aims 10 expand the capabilities of
conflict detection tools currently in use in Europe. such as
Short-Term Conflict Alert (STCA) and Medium-Term Conflict
Detection (MTCD), with time horizons of 2 and 20 min-
utes, respectively. Because the aircraft can travel hundreds
of kilometers in one hour, the methodology is applied to a
large airspace, as for example those handled by Area Control
Centres, where hundreds of aircrafi are simulianeously present,
Centralized conflict resolution (CR) is a highly combinato-
ral problem whose complexity significantly increases as the
number of aircraft grows, Given the large number of aircrafl
considered in this work, a metaheuristic approach is convenient
to tackle this problem. Metaheuristic techniques have already
been used in large-scale CR problems by some authors,
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including approaches based on genetic algorithm [6], memetic
algorithm | 7], or simulated annealing (SA) [8]. Following this
last technique, Chaimatanan [9] uses a hybrid-metaheuristic
approach based on SA to compute conflict-free trajectories
on a continental scale; Courchelle et al. [10] also employ SA
in strategic aircraft deconfliction covering a regional airspace,
The CR methodology presented in this paper follows these last
two works. An carly version of this methodology, applied to
iwo-dimensional trajectories, was presented in [11].

This study focuses on the CD&R problem of a large number
of aircraft flying multi-segment three-dimensional trajectorics
subject to wind and temperature uncertainties. The wind and
temperature data are retrieved from the European COSMO-
D2-EPS. The CD methodology is based on ensemble trajectory
prediction, where the aireraft trajectories are computed for
each member of the ensemble 1o obtain an ensemble of trajec-
tories: an efficient grid-based approach to conflict detection is
used. The CR methodology uses the SA algorithm to generate
resolution trajectories by modifying the coordinates of the
trajectories” waypoints (vectoring), The objective is to lower
the total probability of conflict between pairs of aircraft while
minimizing the deviation from the nominal paths.

The paper is structured as follows, First, the problem
formulation is presented in Section 11, where the assumptions,
equations of motion and the ensemble trajectory prediction ap-
proach are presented. Sections I and 1V describe the conflict
detection and conflict resolution methodologies, respectively.
In Section V, a panticular application considering air (raffic
in a wide area in central Europe and a given probabilistic
weather forecast is described. Next, the resulis are presented
in Section V1. Finally, the conclusions and future work are
discussed in Section VI

Il. PROBLEM FORMULATION

Let us consider N aircraft flying in the same airspace. Each
aircraft ¢ € [1,....N]| follows a multi-segment 3D trajectory
defined by I, waypoints, whose positions (latitude, longitude
and altitude) are provided by its flight plan. The aircrafi
horizontal trajectory is composed of straight segments and y-
by turns.

A, Assumptions

The following assumplions are taken into consideration:

« A spherical, non-rotating Earth model is considered, with
radius g

« A North-East reference system fixed to Earth is used
{-axis pointing North and A-axis pointing East). The
vertical axis is pointing upwards, and the geometric
altitude of the aircralt is assumed to be the same as the
ceopotential pressure altitude z;.

« The aircraft motion is considered as that of a point mass
with three degrees of freedom,

» The aircraft initial positions are certain and known,

« Each aircrafi ¢ Mies with altitude-dependent Mach num-
ber, M;(z; ). or Calibrated Air Speed (CAS), C'AS (=),
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which are certain and known, as given by an operational
procedure.

« The aircraft venical speeds are given by their rae of
climb or descent, FOCD,, These values are dependent
on the altitude, ROCD;, = ROCD; (=), and are also
certain and known,

« The aircraft path angles are small, =; < 1.

« The aircrafi are affected by horizontal uncertain winds,
described by their zonal (West-East). wry,, and meridional
{South-North}), .. components. The air temperature, ©,
is also uncenain, The wind and temperature values for a
particular location and time are provided by an Ensemble
Prediction System.

« Turns are performed at constant radius. The turn radius of
aircraft ¢, f;, is that resulting from a constant bank angle,
constant temperature given by the Intemational Standard
Atmosphere (15A) at the altitude of each waypoint, and
no winds.

« No turns are performed at the origin and destination
waypoints of the trajectories.

« A quasi-steady stare is assumed. thus the temporal and
spatial derivatives of wind and temperature are negligible,

B. Equations of motion

By considering the previous assumptions, the equations that
describe the movement of aircrafi ¢ can be expressed as the
following system of differential equations:

r% = ﬁl'ﬂ--“m‘n (1
os Fr% = ﬁly| siny, (2
~i — poc, &)
‘fTrf E RLR—:‘* @
%—J . R"L% (5)

being A; and o the aircraft longitude and latitude, oy the
aircraft course, »; the ground distance along the trajectory.
and V, ; = ||V,,;[ is the magnitude of the ground speed vector,
which, because ol the spatio-temporal dependence of the wind
and the lemperature, is different for each location and time,
1";;.1 = 1-'_:“{1.‘.‘;. A, zin )

The straight segments of the trajectories are computed using
Equations (1) to (4), with constant course, v+ Turn segmenis
are computed using Equations (1) to (5), considering constant
turn radius, f7;.

The ground speed of aircraft ¢ assuming -~ < |1, is
computed from iis airspeed Vi using the velocily triangle,
depicted in Figure 1, as follows:

Voi= V& —wl, 4+ wa. (6)

In this equation. w.; and w, ; are the cross-track and along-
track components of the wind affecting the aircrafl, respec-
tively, which can be obtained from the zonal and meridional
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wind components given by the weather forecast, for each
location and time (wy (g, Ai. 2o ) and wi- (o, Aj, 2000

(7
i85

e, = W), COS Iy — . Sinyy,

Wy i = wy SiNy 4+ w, cos iy,

b

= E
A

Figure 1. Velocity triangle for aircrall 4.

The aircraft airspeed. V;, can be computed from its Mach
number, M, or Calibrated Air Speed, ' AS;, as defined by
an operational procedure. The functions that describe these
relations are dependent on the atmospheric lemperature, which
is obtained from each ensemble member and varies with time
and location, © = O(z;, A, =, ).

In this paper, the wind and temperature values for a particu-
lar location and time are linearly interpolated from the gridded
data provided by the EPS. Because the wind components and
the air temperature are uncertain, the aircrafl ground speeds are
also uncertain, and so are their positions along the trajectory
al a given time, In this paper, ensemble trajectory prediction
is used o compute the possible future states of the aircralt:
the differential equations previously presented are integrated
for each one of the Al members of the EPS, resulting in an
ensemble of A different trajectories for each aircraft which
captures the uncertainty in the prediction.

I11. CONFLICT DETECTION

A conflict between two aircrafi exists when their future
positions are predicted to be closer than a given set of
separation minima (i.e. a horizontal distance I and a vertical
distance H). In order to analytically determine the existence of
a conflict, the normalized distance of closest approach between
aircraft ¢ and j, &, is defined as

T ) dii(t) h,l,m
d,_l.—:mrltj (IllPlh{ 7] '—ff }).

where o;;(t) and h,;(¢) are the horizontal and vertical sep-
arations between aircraft ¢ and j @t time ¢, respectively, The
aircrafi ¢ and j are considered to be in conflict if the following
condition holds:

(9)

T R (10)
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An ensemble approach to conflict detection is used in this
work. The procedure 1o obtain the probability of conflict
between aircraft 7 and j is the following:

1) For each member of the ensemble, m £ [1...., M|, the
distance of closest approach between @ and j, 8,50, is
determined.

2) A conflict in member m between ¢ and j. ey .. is
identified if 4 ., is less than the minimum separation
requirement:

e £ it i <1,
s if Sijm =1

(11}

3) Considering that all the members are equally probable,
the probability of conflict between ¢ and f, Foon ij. is
computed as the fraction of members for which a conflict
is identified:

M
1
I‘I‘:"ﬂﬂ,lj = "'ﬁ Z Cifme {IZJ

me=1

The probability of conflict is pairwise determined for the
N gircrafi, In order to alleviate the computational effort of
determining the minimum distance for all the aircraft pairs.
a grid-based conflict detection scheme is used. Using this
procedure, each trajectory is discretized and stored into the
cells of a grid; then, the conflict between two aircraft is
computed only if the cells assigned 1o their trajectories are
either coincident or adjacemt [12].

The application of this method 1o the proposed probabilistic
CD is as follows. For each one of the M members of the
ensemble, a four-dimensional grid (longitude. latitude, altitude,
and time) is constructed. as illustrated in Figure 2. In each cell
of the grid, a list of the aircraft occupying the cell is stored,
The minimum distance between aireraft 4 and J, 8, ., is com-
puted only if their trajectories occupy coincident or adjacent
cells, and the conflict is characterized vsing Equation (11);
otherwise, r‘F,-J-_,,, is not computed and the variable ¢, is
directly set to zero. This method is suitable for parallelization:
the conflict detection for each ensemble member and aircrafi
pair can be performed independently.

IV. CONFLICT RESOLUTION

In this work, vectoring is chosen as the resolution maneuver,
that is, conflicts are solved by modifying the coordinates of
the trajectories” waypoints. Only the horizontal position of
the waypaints is modified. The conflict resolution problem is
formulated as an optimization problem. which is solved using
the Simulated Annealing algorithm.

A, Decision variables

The decision variables in the optimization problem. u =
{uy,us,. .., | PP unpyd = 1,04 N, are the coordinates
of the modifiable waypoints of cach aircrafl trajectory: all the
waypoints that define the flight path, with the exception of
the initial and final points of the trajectory, are considered as
modifiable.
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Figure 2. Four-dimensional (30 space and time) grids.

For aircraft ¢, the decision variables are collected in a control
matrix u,;. Each row of this matrix, v, corresponds to one
modifiable waypoint, The first element is the longitude of the
waypoint, and the second element is its latitude:

k=T Ki—-2. (13)

1
Wiy = |H,‘1-.L. Wik |

In this expression, K, is the total number of waypoints in the
trajectory of aircraft ¢, as given by its flight plan. An example
is illustrated in Figure 3. In this figure, the nominal path of
the aircraft, collected in the matrix u}, is also depicted. The
total number of modifiable parameters is g = 2 E.\: (Ki—2).

1 =4 Wi b =2y

—— e — 1]
o ek i 14 P,
o Wi=2)
\. ul Ay e " " fixed end point
fixed origin poimt

Figure 3. Decision variables for aircrafi .

B. Constraims

The decision variables are subject o two kinds of con-

straints:

17 The distance between consecutive waypoints & and k+1,
[y — wigaq ||, must be large enough to accommodate
the fly-by turns performed at the each waypoint. This
constrain can be expressed as;

i14)
(15)

Iwig = Wiks1ll 2 Lin + Liksa,
Lii = Ritan{ey;. /2),

where L. is the distance between waypoint & and the
startfending point of the turn, and oy is the course
change at waypoint k. Since no turns are performed al
the origin and destination waypoinis, L,y and L,y are
nil,
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2) To prevent large lateral deviations, the possible locations
of the modified waypoints u, are bounded:

Wik, € Uy, — 6N 2,u]), +8A/2],
ik, € Uk, — 8p/2,uiy, + 0/,

(16)
(17)

where 5\ and 42 are configurable limits,

C. Cost function

The objective of the conflict resolution is to minimize
the probabilitics of conflict between pairs of aircraft while
minimizing the deviation from the nominal paths, Taking this
into account, the following cost function .J is used:

N N

Hi=%" _'

=] i=]

N A
Y. (Cs=—my)+¢3—]- 18)

j=1, 5ok 00

where J; is the cost related 1o rajectory 7.

The variable C';; represents the conflict probability between
aircraft « and j: it is defined as:

g S { Pr'rrrl.r_j if an.u = P.'

Y 0 if Prinjig<F’
where . is the considered probability threshold. This thresh-
old aims at differentiating between low- and high-probability
conflicts (below and above the threshold, respectively). The
objective is to focus the resolution effort on more demanding
conflicts and avoid wasting resources on conflicts which may
nol materialize.

Since the presented methodology is envisioned for strategic
resolution, those aircraft that are in loss of separation at the
time of the prediction should be solved by tactical tools, and
are disregarded from this process. The variable 5,; addresses
this idea by removing the cost of these losses of separation
from the cost function. This variable 1akes value one if aircraft
iand j are in loss of separation at their initial positions and
zero otherwise; note that, when a tactical conflict between
and j takes place, the variable C';; also takes value one. Finally,
A; is the arca between the modified and the nominal path of
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aircraft ¢ (defined by u; and u'"), as depicted in Figure 3, and
Ly i is the total flight distance of the nominal trajectory. The
ratio A; /Lg, is an evaluation of the lateral deviation from
the original intent. The coefficient ¢ is a configurable weight
parameter used o balance the resolution of conflicts and the
deviations from the nominal paths: this coefficient should be
small enough so that this last term does not overpower the
other.

D, Simudared Annealing

In this work, hundreds of aircraft are simultaneously han-
dled, deriving into thousands of decisions variables. Due to
this complexity, a metaheuristic approach is employed. The
simulated annealing algorithm is chosen to solve the optimiza-
tion problem. Simulated annealing is a technique introduced
in 1983 by Kirkpatrick et al. [13]. inspired by the annealing
process in metallurgy.

The basics of the SA algorithm applied 1o the proposed
CR methodology are as follows. A temperature T is used
as a control parameter. For a given lemperature, an iterative
process is conducted: at each iteration, the aircraft trajectories
are modified according to a neighborhood function; on the
one hand, if the new trajectories improve the value of the
current cost function, the modification will be accepted; on
the other hand, if the modification does not improve the
objective function value, it will only be accepted with a certain
probability of acceptance that decreases as the temperature
decreases. The neighborhood function used in the algorithm
prioritizes changes in the aircraft trajectories that contribute
the most to the value of the cost function, while also guaran-
teeing that the problem constraints detailed in Section IV-B are
met. When a predefined number of iterations is reached, then
the temperature is decreased according to a chosen cooling
schedule. The process is then repeated until a target value of
T is reached, so as the probability of acceptance is sufficiently
small. A detailed description of the proposed algorithm can be
found in [11].

Y. APPLICATION

In this section, the case study used to illusirate the appli-
cation of the proposed methodology is presented. The CD&R
process is launched at a given day at 12:00 UTC, and conflicts
are detected and solved for the next 60 minutes.

The weather uncenainty is retrieved from the ensemble
prediction system COSMO-D2-EPS, developed and operated
by the German Weather Service [14], [15]. This EPS is a 20-
member ensemble which covers a wide area in central Europe
(see Figure 4). The forecast is operated for the very short-
range, has a fine-scale horizontal resolution of 2.2 km, and
vertical resolution of 65 atmosphere levels. 1t is run at 00, 03,
06, 09, 12, 15, 18 and 21 UTC, providing hourly forecasts up
to 27 hours. They are available about one hour after the run.
In particular, the forecast for the 26th of September of 2019,
run at 09:00 UTC with lead times of 3 and 4 hours, is used.
The products used in this application are the meridional and
zonal wind components, and the temperature for nine different

%% 10" SESAR Innovation Days

pressure levels: 200, 300, 400, 500, 700, 850, 950, 975, and
1000 hPa. For example, Figure 4 represents the mean value
for the zonal wind component corresponding to pressure level
200 hPa. The figure also illustrates the coverage arca of the
forecast.
10°W 5°W 0% 5°E 10°E 15°E 20°E 25°E
BOTN — i =i
58°N | - ’ '
BB°N | B
BACN b
52°N |
50ON |
489N |
46°N |
44°N |
425N |
0PN

50

Figure 4. COSMO-D2-EPS: average ronal wind ot pressure level 200 hPa.
3-hour forecast ran at .00 UTC 20019-.09-26,

The air traffic over Europe the 14th of February of 2019
inside the EPS coverage area is considered. The flight data are
collected from the last filed Might plans stored in Eurocontrol™s
Demand Data Repository ' (DDR). The aircraft speeds (Mach
number, calibrated airspeed CAS and rate of climb or descent
ROCD) and bank angle values are obtained from Euwrocontrol’s
Base of Aircraft Data (BADA 3.13) [16]. which establishes the
following operational procedures: CAS-Mach climbs (chang-
ing at a transition altitude), constant Mach cruises, and Mach-
CAS descents (changing at a transition altitude). Flights inside
the EPS coverage area that fly above 10000 ft (Might level
FLIOOY at 12:00 are considered, resulting in a scenario with
N = 822 aircraft, Those aircraft that at the starting time are
not above FL10O nor in the designated area are not considered,
The total number of free variables in the optimization problem
for this traffic scenario is ¢ = 11156,

V1. RESULTS

The results presented in this section aim at illustrating the
capabilities of the proposed methodology, describing and ana-
lyzing the CD&R outcome for the aforementioned application.

The separation reguirements are 2 = 5 NM and H =
1000 fi. The 4D grid used in the conflict detection phase has
a size of AN = Ap = 0,1%, Ak = 1000 fi= 304.8 m, and
At =1 s, The probability of conflict threshold is Py = 505,
and the cost-function weight coefficient is set o { = 0.1 m™",
The rest of the parameters used in the conflict resolution
process are: T = 200, 75 = 40%, Bsq = 0.98, 754 = 1073,
and 4 = dz = 0.3° (see [11]).

As an example of the effects of the methodology on the
aircrall trajectories, Figure 5(a) shows the normalized distance
{4.4) between two aircraft A and B over time, for cach mem-
ber of the ensemble, before and after the conflict resolution.
The dash-dotted line at | represents the minimum separation
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requirement, Before the CR process, a conflict is detected for
all members of the ensemble at around 16 minutes, leading to
a probahility of conflict of P, _ag = 100%. The costs related
to each aircraft (see Equation (18)) are Jy = Jg = 0.5
After the CR, by modifving the aircraft trajectories, the
conflict probability drops below the probability threshold o
Proon. an = 45%. The horizontal profile of the trajectories of
the two aircraft is represented in Figure 5(b); the nominal
trajectories are depicted with dotted lines, and the resolution
trajectories are shown with solid lines. For this particular
conflict situation, one of the waypoints of the trajectory of
aircraft B is modified 10 allow the safe separation between the
aircraft around the crossing point, while aircraft A maintains
its original trajectory. The cost associated to each trajectory
after the conflict resolution is Jy = 0 and Jg = L577- 1072,
As a consequence of the resolution maneuver, aircraft B flies
an additional distance of 2.937 km.

[ Before CR
12/ Alter CR

Normalized distance between the aireraft 845 |-
=

i 5 1] 15 20 25 0
Timse [imin]

{a) Normalized distance between the aircraft.

0 2°FE 17K 1* E SE
48° N, ; = , . = . 4T N
467 N
46 N |

| 46° N

FF LR | I SR, S R ro Belorne

[ — Alfler CR

= — 16 N

() Nominal and resolution trajectories.

Figure 5, Example of the effects of the CR method on the aircraft trajectories.

The effects of the CD&R methodology on the whole conflict
scenario with N = 822 aircrall is presented next. The results
of the conflict detection process before the conflicl resolution,
along with the nominal paths of the aircraft, are depicted in
Figure 6(a) and Figure 6(b) for the horizontal and vertical
profiles, respectively. In total, 185 conflicts are detected: 29 of
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these conflicts are low-probability conflicts (with a probability
of conflict below the probability threshold P, i; < 50%: the
locations of the aircraft at the point of closest approach are
represented with blue marks); 131 of them are high-probability
conflicts ( P,y i; = 50%, represented with red marks); and 25
are tactical conflicts (the aircraft are in loss of separation at
the starting time, n;; = 1, represented by orange marks). The
nominal value of the cost function is Jy = 124.35,

The resolution trajectories, obtained after the application
of the CR methodology, are depicted in Figures 6ic) and
6id); both the horizontal and vertical profiles are represenied,
as well as the locations of the detected conflicts. A visual
representation of the effects of the CR process on the number
of conflicts is presented in Figure 7. The total number of
conflicts detected after the CR process is 146, There is a
significant drop in the number of high-probability conflicts,
which decreases from 131 to only 14. The remaining 14
unsolved conflicts correspond to encounters that are o severe
to be solved within the constraints described in Section 1V-B,
The number of low-probability conflicts increases from 29
to 107, which illustrates that some of the high-probability
conflicts present before the CR process lower their conflict
probability below 505, whereas for some of them the conflict
probability directly drops to zero. The number of tactical
conflicts remains the same; these conflicts are not the targel
of the proposed methodology, and should be solved tactically,
The value of the cost function is reduced to Jy.., = 17.204,
These results are summarized in Table 1. Some indicators of
the cost of the conflict resolution on the aircraft trajectories
are also collected in this Table, The total number of aircrafl
that modified their trajectories in the conflict resolution is
160. The lateral deviation parameter A /Ly, of these mod-
ified trajectorics presents an average value of 0.20 m and
a maximum of 2.71 m. As a consequence of the resolution
maneuvers, the modified trajectories differ in length by an
average of 3.89 km and a maximum of 20.52 km from the
nominal ones. In most cases, this difference in length comes
from the aircraft flying an additional distance (123 aircraft of
the total of 160 that modified their trajectories experiment an
increase in their flown distance, with an average of 4.62 km
additional flight length): on the other hand, a smaller number
of aircraft experiment a decrease on the wtal Mown distance
(37 aircraft fly shorter paths, with an average of 1.45 km length
reduction).

TABLE I. CD&R RESULTS SUMMARY,

Nominal scenario  Afier CR
Cost function J 124,35 17.204
High-probability 131 14
e Laow-probability n 107
Number of conflicts Tactical 25 a5
Total 185 146
Number of madilicd trajectones - 160
0.2
Lateral deviation A, /Ly mm:ngc e
! Maximam 271 m
. - Average 359 km
5 1
Flight longth diffemoce fexiawinn 2052 km
"‘: L Ll L]
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Figure 6. Aircraft trajectories and conflices” locations: before, (4) and (h), and after the conflict resolution, (c) and (d),

The predicted losses of separation occur at all stages of the
flight, between aircraft that maintain level Aight and ascending
or descending aircrafi. The number of conflicts detected for
different Right stages are collected in Table [1, before and alter
the conflict resolution, As these resulls show, most conflicts
take place between level-flight aircraft (47.03% in the nominal
scenario and 55.45% in the resolution scenario). The second
most common type of conflict would occur between level-
Might and descending aircraft, with 22.7% of the cases before
CR. and 20.55% after. The less frequent type of conflict would
be between ascending and descending aircraft (6% in the
nominal scenario and 3% after CR); however, il is important (o
notice that the conflict methodology is applied in this analysis

o
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only to flight levels above 10000 fi. and conflicts between
ascending and descending aircrafl could be more common at
lower altitudes. It can also be observed that the discussed
percentages are not significantly affecied by the resolution
process,

VII. CONCLUSIONS

In this paper, a probabilistic methodology for strategic
conflict detection and resolution, up to 60 minutes in ad-
vance, under wind and temperature uncertainties has been
deseribed, The proposed methodology allows the computation
of the probability of conflict for pairs of aircraft flying three-
dimensional trajeciories in a conflict scenario with hundreds
of gircraft. Given the aircraft flight plans and the probabilistic
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Figure 7. Number of conflicts before and after the conflict resolution.

TABLE I1. CONFLICT DETECTION 1N DIFFERENT FLIGHT STAGES.

Nominal scenario After CR
Level-level 87  (47.03%) 81  (55.45%)
Level-descent 42 (22.7%) 30 (20.55%)
Level-climb 29 (15.68%) 19 (13.015%)
Descent-descent 14 (7.57%) 10 (685 %)
Climb-climh 7 {3.78%:) 3 (2.05%1)
Climb-descent f (3.24%) 3 (2.05%)
Total 185 (100%) 146 (100%)

weather forecast provided by the EPS, the proposed grid-based
CD method is able to efficiently compute the probability of
conflict between hundreds of aircraft. The conflicts between
the aircrafl are classified in high-probability, low-probability,
and tactical conflicts. The conflict resolution methodology is
capable of generating resolution trajectories that significantly
lower the number of high-probability conflicts.

The methodology has been successfully applied 1o a realistic
case study; in particular, actual flight plans for aircrafi fiying
in an European area over a time interval of 60 minutes are
considered. The numerical results show that the number of
high-probability conflicts can be significantly reduced. The
proposed methodologies aim to expand the capabilities of
conflict detection and resolution tools currently in use in
Europe, enabling the planning of more efficient trajectories
and reducing the workload of air traffic controllers.

Future steps in this line of research involve the expansion
of the methodologies to consider departing and arriving flights
below flight level FL10O and an extended geographical area.
The development of this expanded methodology will require
the consideration of additional sources of uncertainty, such as
the aircraft departure times, and will also involve the inte-
gration of different global and regional Ensemble Prediction
Systems o widen the coverage area. An interesting approach

i %8 10" SESAR Innovation Days

that would improve the scalability of the methodology is
the integration of clustering techniques that would allow the
subdivision of the global CR problem into distinct smaller
and parallelizable subproblems. Another future work is the
consideration of other types of resolution strategies, such as
speed or altitude changes,
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